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A bstract
Airborne gamma-ray spectrometry is used for exploration and environmental monitoring 
over large areas. Such datasets of 7-ray are acquired using large 16/ Nal(Tl) detector 
crystals mounted in an aircraft. The response of these detectors to naturally occurring 
radioactive isotopes is a function of detector volume, efficiency and resolution. This re­
sponse is modelled using the Monte Carlo method. A photon-electron transport computer 
code, NIPET, is written to calculate the intrinsic efficiency and photofraction of these 
large prismatic crystals. The intrinsic efficiency indicates the number of incident photons 
that interact in some way with the detector resulting in a deposition of energy in the 
crystal. The photofraction, on the other hand, indicates how many of these photons that 
impinge on the detector are actually recorded with their full initial energy. This study 
presents explicity calculated photofraction values for 16/ Nal(Tl) crystals. Comparison of 
these new values, calculated with this computer program, with that of published values 
for small 3" x 3" crystals shows good agreement. However, for large crystals, the calcu­
lated values differ from those in the literature by almost 15%. The study also finds that 
for the gamma-ray energy range between 0.2 - 3.0 MeV, these detectors have an intrinsic 
efficiency above 90%, whereas the photofraction values range from 80% for low energy 
photons to above 40% for high energy photons in the case of large crystals.
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Opsomming
Lug gamma-straal spektroskopie is nuttig vir eksplorasie en omgewings ondersoeke oor 
groot areas. Metings word tipies gedoen met 16/ Nal(Tl) detektors wat monteer is in ’n 
vliegtuig. Die respons van hierdie detektors ten opsigte van natuurlike radioaktiewe iso­
tope is ’n funksie van detektorvolume, doeltreffendheid en oplosvermoe. Hierdie respons 
word gemodeleer deur gebruik te maak van ’n Monte Carlo tegniek. ’n Rekenaarprogram, 
NIPET, is geskryf om die intrinsieke doeltreffendheid en fotofraksie vir hierdie groot pris- 
matiese kristalle te bereken. Die intrinsieke doeltreffendheid dui die breukdeel van die 
invallende fotone aan wat ’n interaksie ondergaan binne die detektor kristal en sodoende 
energie deponeer. Die fotofraksie, daarenteen, dui die breukdeel invallende fotone aan 
wat absorbeer word deur die kristal met hul voile invallende energie. In hierdie tesis 
word eksplisiete fotofraksiewaardes vir 16/ Nal(Tl) kristale bereken. Goeie ooreenstem- 
ming word gevind tussen fotofraksie waardes bereken met hierdie program en die waardes 
gepubliseer in die literatuur vir klein 3" x 3" kristalle. Vir groter kristalle is daar egter 
swakker ooreenstemming. Berekende fotofraksie waardes verskil met 15% van die waardes 
in die literatuur. Daar word ook bevind dat vir gamma-energie tussen 0.2 - 3.0 MeV, die 
intrinsieke doeltreffendheid vir hierdie tipe detektors bo 90% is en dat fotofraksiewaardes 
wissel tussen 80% vir lae energie tot bo 40% vir hoe foton energie.
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Chapter 1
Introduction
1.1 Radiation in the Environment
Radiometrics has been used for decades to prospect for uranium and other metals associ­
ated with naturally occurring radioactive isotopes. The use of gamma-ray spectroscopy in 
the environment has now been extended to cover geological mapping, environmental mon­
itoring and the qualitative and quantitative identification of radioactive contamination 
zones in nuclear fall-out events [ES02, KMP91, PAPI03, YcD98].
Exploration for water, precious stones, metals, minerals, oil and gas has always been 
a high priority for every African government and large parts of the African continent still 
remains to be explored. For this purpose airborne gamma-ray spectrometry, radiometrics, 
is used to acquire datasets that provide detailed coverage of the natural radioelement 
distribution in the earth over large areas. Interpreters of these datasets can easily identify 
anomalies associated with possible mineral deposits, hidden fault and fracture zones as 
well as possible water resources.
The use of portable and large thallium-doped sodium iodide (Nal(Tl)), thallium-doped 
cesium iodide (CsI(Tl)), bismuth germanate (BGO) and hyper-pure germanium (HPGe) 
detectors either in-situ or in automobiles or aircraft have become common practice. In 
particular, the use of and improvement of airborne nuclear detection equipment and 
methods has attracted significant attention by the academic, scientific and engineering 
community in recent years [KMP91, PAPI03, YcD98]. The possibility of identifying 
contamination areas rapidly by means of airborne methods after a nuclear accident and, 
in particular, a nuclear attack has fuelled this interest [CAS01].
1
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For Namibia and the Southern African Development Community (SADC) as a whole, 
airborne gamma-ray spectrometry is in its infancy. Large parts of Southern Africa have 
been surveyed radiometrically and data are readily available to anyone interested therein. 
The value of airborne gamma-ray datasets for use in spectroscopy, mineral and water 
exploration, agricultural planning and environmental assessment studies is becoming ap­
parent in this region. In addition, by improving nuclear detection equipment and methods 
the potential impact that these surveys can have in terms of scientific and economic value 
is self evident.
1.2 Radiation Detection Crystals
Many different radiation detection crystals are used for mineral identification, age de­
termination, exploration and radiation contamination for qualitative and quantitative 
measurements in applied and environmental physics. Normally, the selection of a suitable 
detector is based on the nature and character of the radiation under investigation. Al­
though any of the above-mentioned crystals can perform radiation detection competently, 
HPGe and BGO crystals are often favoured in nuclear activation-, alpha track- and in- 
situ analysis, whereas CsI(Tl) and Nal(Tl) crystals are favourites for nuclear borehole 
logging, seafioor mapping and airborne gamma-ray spectrometry.
Detectors used for gamma-ray detection differ in their response to this type of radia­
tion. The response of the crystal to radiation is a function of detector volume, efficiency 
and resolution. The volume directly affects the light collection in the case of scintillation 
crystals and in the case of semiconductor crystals the electron-ion and electron hole pairs. 
On the other hand, the detector efficiency and energy resolution are an inherent property 
of the crystal type.
For airborne gamma-ray spectrometry, where the source activity being measured is 
low and measurement times are short, Nal(Tl) is clearly preferable. Their high density, 
excellent light collection, low cost, ease of manufacture into large crystals and room tem­
perature operation underlines their popularity for airborne surveys. Although extensive
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scientific literature pertaining to the properties and response characteristics of Nal(Tl) 
to gamma-radiation is available for small laboratory and portable cylindrical crystals, 
studies for larger crystal volumes, particularly for those used for airborne surveys, is 
comparatively lacking.
Figure 1.1: Diagram of a 16/ Xal(Tl) detector typically used in airborne surveys 
1.3 Radiation Transport Modelling & Simulation
Computer simulations that reproduce in a flexable way any experimental physical situa­
tion have played in recent times an ever increasing role in science and engineering. W ith 
increasing computing power and memory storage, complex problems can now be simu­
lated on a normal desktop computer. Radiation transport problems are often simulated 
and the calculated results have given valuable information and insight to fields such as 
medical physics, reactor physics, astrophysics and high-energy particle physics.
The transport of radiation particles is characterized by propagation along straight
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paths between widely spaced collision points [Pro79]. When the particle collides, ab­
sorption or scattering takes place. In the former case the incident particle is captured, 
whereas in the case of scattering, the particle’s flight direction and energy are altered.
The Monte Carlo method simulates this radiation transport behaviour by tracking 
thousands of individual particles. The method is stochastic or random in nature and the 
results produced are statistical estimates. This method of calculation is particularly suited 
to radiation transport problems because the dimensions of both sources and detectors can 
be taken into account and modelled.
Mathematical and physical models used to approximate the migration of radioactive 
material in the earth, atmosphere, fluids and different solid state media are continually 
improved and applied in numerical calculations and computer assisted simulations. The 
physics describing the transport of radiation particles in a medium have been implemented 
in numerous Monte Carlo programs where each program addresses a specific geometri­
cal arrangement with respect to experimental set-up, source distribution and detector 
composition.
For the work contained in this thesis, a Monte Carlo code, named N IP E T  (Nal 
Photon Electron Transport) is developed to compute the response function of a 16/ 
rectangular Nal(Tl) crystal to mono-energetic photons in the energy range 0.1 - 3.0 MeV. 
Practically all of the gamma-ray photons of interest in airborne radiation surveys have 
energies in this range. The detector response function is computed for invidual incident 
photon energies as well as peak and total efficiencies from which the photofraction of each 
energy of interest is calculated.
Other methods of modeling and simulating radiation transport are the discrete-ordinates 
method and the kernel method [Pro79]. The discrete-ordinates method is a numeri­
cal technique for solving the finite-difference form of the Boltzmann transport equation 
[Pro79]. This transport equation is based on diffusion theory where the solution of the 
equation gives the flux of particles into and out of a cell of interest. Other numerical 
and analytical techniques that solve the Boltzmann transport equation are the method of
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spherical harmonics and the moments method. The kernel method treats the exponential 
attenuation of uncollided radiation particles originating from isotropic and parallel beam 
source distributions exactly and approximates the behaviour of the scattered particles by 
means of a buildup factor [Pro79]. The buildup factor is the ratio between the response 
of the detector to collided plus uncollided particles and the response from uncollided 
particles alone.
1.4 Thesis Structure
Following this chapter, a brief overview of the fundamental principles in gamma-ray spec­
troscopy is provided. The chapter begins by defining the terms and definitions used 
through out the thesis. Next, it looks at the origin of gamma-rays. The interaction 
kinematics and energy transfer mechanisms of these photons or electromagnetic waves in 
matter is also discussed briefly. The chapter ends with a short overview of gamma-ray 
spectroscopy in the environment particularly as applied to airborne gamma-ray spectrom­
etry.
The beginning of chapter 3 outlines in further detail the objective of this study. A 
clear definition of the response function of a detector is given together with definitions of 
the peak and total efficiencies. The different features contained in this function are also 
described. Following this, the photon and electron transport principles used to develop 
NIPET are described extensively. The assumptions and approximations used in NIPET 
are also explained. The chapter concludes with a flow diagram of the computer code and 
a summary of the Monte Carlo algorithm.
Chapter 4 is divided into three parts. The first section presents the results generated 
by the Monte Carlo program written for this project. Firstly, detector response functions 
(DRFs) for two photon energies are compared to a general purpose photon-electron trans­
port code, EGSnrc to validate the transport model derived in chapter three. Then the 
DRFs, intrinsic efficiency and photofraction values calculated for small and large Nal(Tl)
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crystals are presented and compared to values given in the literature. The chapter ends 
with a look at actual recorded spectra of airborne gamma-ray surveys.
To conclude this thesis, a brief summary of the aims and objectives of this study are 
briefly revisited. The results are discussed in relation to this objective and recommenda­
tions pertaining to problems that arose during this study are made. Appendix A contains 
derivations of some equations used in this work.
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Gam m a-ray Spectroscopy
Introduction
Gamma-ray spectroscopy is applied in many fields of science and engineering. Gamma- 
rays are high frequency electromagnetic waves that display a particle-like nature. The 
theory of their detection by radiation counters, scintillation- and semi-conductor crystals 
is described extensively in the literature [Att86, KN78, KnoOO, Pro79].
For the purposes of this study, the origin, interaction with matter, and measurement 
of naturally occurring gamma radiation are discussed briefly. The theory governing the 
origin of gamma-rays is described as well as the interaction kinematics of gamma-rays 
with matter.
This chapter highlights the properties and interactions of gamma-rays and light charged 
particles with matter. The interaction of light charged particles becomes relevant when 
the energy deposited in the crystal is calculated.
2.1 Radiation Terms and Definitions
2.1.1 R adioactive Decay
The transformation of a parent particle into its daughter product is a stochastic process. 
However, the transformation or disintegration of a large collection of particles N  per unit 
time is given by the decay constant A. The decay constant is the probability per unit 
time that an individual particle will decay to a daughter product [Att86].
7
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In a closed system, the activity A in becquerel (Bq) units, is defined as the product 
of the decay constant and the number of particles:
A = X N = - di -  <2 1 > 
By separating variables and integrating from t =  0 when N = N0 to a time t, the number 
of particles that have not decayed is given by:
N = N0e~xt. (2.2)
This is the radioactive decay law. Furthermore, the time required for half of the initial 
particles to disintegrate is given by the half-life, r i ,  which is related to the decay constant 
by:
-i =  x -  ( 2 ' 3 )
2.1.2 R adiation  Fields
The fluence $  is defined as the number of particles dN  that enter a sphere of cross 
sectional area dA:
* “ s r  <24>
The flux density or fluence rate is the time differential of the fluence,
<2 -5 >
however, in the case of a time independent field, <f>(t) is constant. Then the fluence is 
related to the flux density by:
fh 
/10
In the case of mono-energetic photons with energy E0, the energy fluence is the product 
of the photon energy and the fluence:
$(<0, O = /  <f>{t)dt =  0(ii -  t0) =  <t> ■ At. (2.6)
Jtc\
% =  E0 ■ (2.7)
Similar to the flux density, the energy flux density is the time differential of the energy 
fluence, and in the special case of mono-energetic partices, the energy flux is:
ip = E0- (f>. (2.8)
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When the radiation field interacts with matter, the kerma (K ) describes the energy trans- 
fered to charged particles by ionizing radiation. Specifically, the kerma is the expectation 
value of the energy transfered to charged particles per unit mass at a point of interest, 
including radiative-loss energy but excluding energy passed from one charged particle to 
another [Att86], i.e.
K = ^  (2.9)
dm
where detr is the energy transfered in the infinitesimal volume dV at the internal point 
P  and dm the mass in dV. The unit for the kerma is often expressed in grays (Gy) or 
J/kg. For mono-energetic photons, the kerma is related to the energy fluence by:
K  = (2.10)
with ntr the linear energy-transfer coefficient in nT1 or cm-1, and p the density of the 
medium in kg/m3 or g/cm3.
When energy transfered to matter by all forms of radiation, whether charged or un­
charged, is considered, the absorbed dose D is used to describe this energy deposition at 
a point P  per unit mass dm, i.e.:
d  =  <2-n >
2.2 Gamma-ray Sources
Gamma-rays are generated in the nucleus of an atom. Protons and neutrons undergo 
transitions from excited states to lower energy states in the nucleus of an atom and 
release the excess energy in the form of 7-rays. A particular nucleus will release 7-rays 
with well defined energies. The energy of an emitted 7-ray corresponds to the difference 
between the initial and the final nuclear energy level. Gamma-ray emission is described 
by the following reaction:
AZX'„ —  +  7  (2.12)
UNNERSTTErTSTEieffiOSCH
8IBU0TEEK
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2.2.1 R ad ioactive  decay
Radioactive decay is a principal source of gamma-rays. Nuclei decay via a, f3~, (3+ decay 
and electron capture. More often, gamma-rays are emitted after /3-decay. We discuss 
gamma-ray emission following /?- and a-decay in more detail.
/3-decay
Beta-particles are electrons. They can be positively or negatively charged. These particles 
do not have discrete energies. With reference to figure 2.1, their energies correspond to
p D P D
(a) (b)
Figure 2.1 : (a) Parent nucleus (P) decays via /3-decay to an excited state of the daughter 
product (D) followed by 7-ray emission, (b) Parent nucleus (P) decays via /3-dec ay to the 
ground state of the daughter product (D)
the transition energy of the parent nuclear energy state (P) to the energy state of the 
daughter product (D) formed. The state of the daughter product can range from an 
excited state (figure 2.1(a)) to the ground state (figure 2.1(b)). In the event of the parent 
nucleus decaying to an excited state of the daughter product, the daughter product in turn 
relaxes to its ground state. This nuclear relaxation process produces a 7-ray, whereby the 
7-ray energy is discrete, characteristic of the difference between the nuclear energy levels. 
This characteristic energy allows for the unique identification of the daughter species.
As an example (see figure 2.2), Cobalt-60 (60Co) decays to an excited state of nickel- 
60 (60Ni) via (5~-decay. 60Ni de-excites to an intermediate excited state releasing a 1.173
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MeV 7-ray and then to its ground state with release of a second 1.332 MeV 7-ray. With 
V the antineutrino, the following equation describes the nuclear reaction:
27C033— * 28^32+ ^ e  +  F (2-13)
60Co
®°CoDecaySheme G a m m a - r a y  E n e r g y  S p e c t r u m
Figure 2.2: 60Co decay scheme
During /?- -decay, a neutron in the parent nucleus transforms to a proton. Conversely, 
a proton in the parent nucleus transforms to a neutron during /?+-decay. Equation (2.14) 
can be written in a general form as:
z^ n — * z ± + (3T + v* (2-14)
where X  and Y  represents the parent and daughter nuclear species respectively and u* 
an antineutrino in the case of (3~-decay and a neutrino in the case of /?+-decay.
A second example of 7-ray production is cesium-137, 137Cs. Cesium also decays via 
(3~ to an excited state of barium-137; subsequently 137Ba decays to its ground state with 
the emission of a 0.662 MeV 7-ray. However there is a 5.4% probability that 137Cs will 
decay to the ground state of 137Ba with no 7-ray emission. Accordingly, 137Cs has a 0.946 
probability of decaying to an excited state of 137Ba, and a 0.054 probability of decaying 
to the ground state of 137Ba. These probabilities are also known as branching ratios.
Beta-particles lose energy through interactions with orbital electrons of the material’s
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P'(»•*. 6%)
photon a/decay
1.0
0 .6 6 1 6  MeV
Y, « 0  6 6 2  MeV
0 0 5  1,0 IS  2 0
e (m»v)
G a m m a - r a y  E n e r g y  S p e c t r u m
Figure 2.3: 137Cs decay scheme
atoms and through electromagnetic radiation while slowing down in the material. Their 
range or travel distance in an absorber is typically in the order of a few centimeters.
Alpha decay is common in heavy isotopes. Alpha particles are heavy, positively charged 
particles consisting of two protons and two neutrons. The decay process is written as:
where X  and Y represents the parent and daughter nucleus respectively. The energy of 
an a-particle also corresponds to the transition energy of the parent nucleus to an energy 
state of the daughter product formed. In the event of the daughter nucleus being in an 
excited energy state, it will subsequently return to its ground state with the emission of 
a 7-ray.
Gamma-ray emission following a-decay is not as common as in /3-decay, however it 
does occur. Energies of a-particles from natural transitions are typically between 4 - 6  
MeV. Their range in materials is typically a few millimeters.
a-decay
A -A
Z —2Yn + (2.15)
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2.2.2 Annihilation R adiation
A common calibration source, Sodium-22 , 22Na, is a good example to illustrate 7-ray 
production through annihilation radiation. 22Na decays to an excited state of Neon-22, 
22Ne, via /3+-decay. The excited daughter nucleus relaxes to its ground state, emitting a 
1.274 MeV 7-ray. The /3+ particle in turn collides with a free electron of the surrounding 
medium. The two particles disappear and two 0.511 MeV 7-rays are created at the 
location where the collision occurred. The two photons travel in opposite directions away 
from the collision point. This type of electromagnetic radiation is known as annihilation 
radiation.
2.2.3 Brem sstrah lung
Accelerated charged particles emit electromagnetic radiation. In the case of electrons, 
electromagnetic radiation called bremsstrahlung is emitted as these particles are slowed 
down through Coulomb interactions along their path in a medium. Bremsstrahlung en­
ergies are continuous with energies ranging from zero to the initial kinetic energy of the 
traveling electron.
2.3 Interactions with M atter
Gamma-rays interact with the surrounding medium mainly through collisions with atomic 
electrons or nuclei. Unlike charged particles, 7-rays do not have a definite range, therefore 
7 -rays cannot be stopped by any medium but are only attenuated. Gamma-ray travel 
paths are considered to be straight, until an interaction takes place, where upon its 
direction and energy are altered.
Gamma-rays within the energy range of interest, transfer their energy in a medium 
predominately through four mechanisms. These are photoelectric absorption, coherent 
scattering, Compton scattering and pair production. We consider each mechanism sepa­
rately.
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The probability per unit pathlength that a gamma-ray of energy E  will interact with its 
surrounding medium and subsequently transfer energy to the medium is given by the total 
attenuation coefficient. The total attenuation coefficient is the sum of the attenuation 
coefficients for each interaction type.
2.3.1 Interaction C ross Section
The interaction cross section is the probability that a particle will undergo a particular 
interaction with an atom or electron in its surrounding medium. Interaction cross sections, 
cr, are given in barn/atom whereas the attenuation coefficients, /x, are given in cm-1.
The interaction cross section for each interaction type, photo-electric absorption, 
Compton scattering and pair production for a particular 7 -ray energy are given in nuclear 
data sheets. However, empirical polynomials to calculate each interaction cross section is 
also available [AIJ81]. Additionally, for Compton scattering, the differential cross section 
per scattered photon energy is given by the Klein-Nishina formula [Pro79]:
da nrl Z 
dE me2 a 2
where the constants m ,re,c and Z have their usual meaning and 77 =  E/E0 the ratio 
between the initial energy E0 and the scattered energy E ; also a = E0/(mc2).
V
V
(2.16)
2.3.2 Linear A ttenuation
Radiation particles N0 incident on a material of thickness dl undergo interactions as 
they traverse through the medium. The change in the number of particles dN due to 
absorption or scattering in the medium is then:
dN
- -  =  »N  (2.17)
Separating variables and integrating from L =  0 to L gives the exponential attenuation 
law:
N =  N0e~flL (2.18)
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where /x is the total linear attenuation coefficient. The value of N  excludes the secondary 
particles produced during scattering.
2.3.3 Energy  T ransfer M echanism s 
Photoelectric  A bsorption
Photoelectric absorption increases with decreasing 7-ray energy. An incident 7-ray with 
energy Eq collides with an atomic electron and transfers all its energy to the electron. The 
incident 7-ray disappears and a photo-electron is ejected from the atom. The resulting 
kinetic energy of the electron Te is then the incident 7-ray energy minus the atomic 
binding energy EB:
Te =  Eo — Eb (2-19)
The vacancy created is rapidly filled by an electron from the next outer shell. A char­
acteristic X-ray with energy Eb is emitted with the transition of the outer electron to 
the vacant shell. The X-ray can be quickly absorbed by a loosely bound electron in 
an outer atomic shell. Another electron is then ejected from the atom with its vacancy 
quickly filled. This processes is repeated a number of times. The sum of the energies 
of all the ejected photoelectrons will then be equal to the incident photon energy. The 
photo-electric absorption process is shown in figure 2.4.
Coherent Scatterin g
Coherent scattering or Rayleigh scattering is prominent for photons with energies less 
than 0.1 MeV. An incident 7-ray is scattered by an electron transferring virtually no 
energy to the electron. The 7-ray changes direction retaining practically all its energy. 
The atom, however, is neither excited nor ionized. In radiation measurements above 0.2 
MeV, coherent scattering is normally neglected.
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Figure 2.4: Photo-electric absorption
C om pton Scatterin g
Compton scattering or incoherent scattering involves a 7-ray and an electron considered 
to be ’’ free” and ” at rest” . Contrary to coherent scattering where the 7-ray undergoes 
an inelastic collision with the electron, here the 7-ray undergoes an elastic collision with 
the electron. The incident 7-ray with energy E0 = hv is scattered at an angle Q and the
incoming photon
Figure 2.5: Compton Scattering 
electron at an angle (j) with respect to the incident 7-ray’s original direction (see figure
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2.5). Its initial energy is reduced to E = hv1 given by eq. 2.20, with the electron receiving 
the difference between the initial energy of the 7-ray and its final energy (e.q. 2.21).
r +  „ { r :  <2-20>
Te = E0- E  (2.21)
The energies transfered to the electron form a continuum, because all kinetically al­
lowed scattering angles are possible during Compton scattering. The maximum energy 
transfered to the electron occurs when the 7-ray scatters at an angle 6 =  n. In this case, 
Te = Eq — E  where E  =  Eo • [1 +  2a]-1. The minimum amount of energy transfered to 
the electron occurs when the 7-ray grazes the electron (9 = 0). Then Te =  0 and E ~  E0.
P air Production
Pair production increases with increasing gamma-ray energy. Gamma-rays with incident 
energies above 1.022 MeV can undergo pair production in the Coulomb field of the nucleus. 
In this interaction, the incident 7-ray disappears, and part of the energy of the 7-ray is 
converted into mass with the creation of an electron-positron pair. The excess energy is 
shared between the electron and the positron in the form of kinetic energy.
Electron  Energy Loss
Spectrometers record the kinetic energy which electrons and positrons lose within the 
scintillation crystal. Through inelastic collisions, and Coulomb interactions, electrons are 
slowed and stopped in the crystal.
As the electron passes through a medium it ionizes or excites surrounding atoms. 
In turn, the attractive and repulsive forces acting on the traveling electron deceler­
ate the electron. During this deceleration, the electron releases radiative energy called 
bremsstrahlung. The ratio of the specific energy losses is given approximately by:
(dE\ _ ZE (dE\
dx J 700 \dx I/  r  \  / c
(2.22)
Stellenbosch University http://scholar.sun.ac.za/
CHAPTER 2. GAMMA-RAY SPECTROSCOPY 18
where E  is in MeV and (dE/dx)r and (dE/dx)c refer respectively to the radiative and 
collisional energy losses per unit distance dx [KnoOO]. Due to these interactions, the range 
of electrons in different media is finite. This range is related to the specific collisional and 
radiative energy losses by [BDLPV74]:
R
r -^ min
Je
'_dE\ f_dE_' 
dx V dx .
-l
dx (2.23)
Alternatively, for computation efficiency, the range of a electron can also be calculated 
from a formula given by Mukoyama (1976):
(Z +  1.2)2?"
R = F(E)- In 2 1 + 800 In 2 8.50
where
F(E) =  1 .5 -  1.3exp(—2 E),
(2.24)
(2.25)
is a correction factor [Muk76].
2.4 Environmental Radioactivity
Potassium, uranium, thorium and other radioactive nuclides of interest are measured 
during a routine radiometric survey. 40K is the sole gamma-emitting isotope of potassium. 
The estimation of K is thus direct through the detection of its characteristic 1.461 MeV 
7-ray [IT03]. Uranium and thorium do not emit measurable 7-rays, so, their daughter 
products lower down their respective decay chains are used to estimate the concentrations 
of these elements.
Thorium concentrations are estimated through the detection and measurement of the 
2.614 MeV 208T1 daughter isotope 7-ray. Uranium is estimated from the 1.764 MeV 
214Bi daughter isotope 7-ray. Unlike potassium, uranium elemental concentration values 
are calculated to ’’parts per million of equivalent uranium” (ppm eU) and similarly for 
thorium (ppm eTh). This is because uranium and thorium are assumed to be in secular 
equilibrium with the daughter products measured.
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2.4.1 U ranium  and Thorium
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Both uranium and thorium decay to lead through a series of daughter species. Figure
2.6 shows these decay series or decay chains. Uranium has a series of 17 daughter species 
before it reaches its stable state, 206Pb. As shown in the figure, the isotopes decay via a 
and P decay. As the reaction proceeds down the chain, a  and /3 decay occur.
Uranium Decay Chain
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Figure 2.6: Uranium and thorium decay chains [Min97]
As shown in the figure, uranium and thorium themselves do not emit measurable 7- 
rays. For this reason, the 7-rays emitted by their respective daughters are measured. For 
terrestrial radioactivity, the three daughter products of uranium, 214Pb, 214Bi and 210T1 
emit measurable gamma-rays above 200 keV.
The same holds for thorium. Thorium has ten daughter species in its decay chain 
before it reaches its stable state, 208Pb. The significant gamma-emitters are 228Ac, 212Pb, 
212Bi and 208T1. The spectral intensity profile of uranium and thorium are shown in figure 
2.7.
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Figure 2.7: Uranium and thorium 7-ray spectral profile
U ranium  D isequilibrium
Contrary to thorium, uranium is likely to be in disequilibrium with its daughter products. 
This is due to uranium being susceptible to removal during hydrathermal alteration or 
weathering in bedrock [Hal96]. In addition, disequilibrium also occurs when radon gas 
escapes the surface of the earth through cracks and rock fractures, or when the gas 
dissolves in groundwater and is thereby removed from the system [IT03].
With respect to airborne gamma-ray spectroscopy, uranium elemental concentration 
estimates are frequently erroreus. Airborne radiation contributes to these errors. Air­
borne radon gas not originating from terrestrial uranium is also a parent of 214 Bi measured 
during airborne surveys [Min97, MLB97]. The counts measured for terrestrial radiation 
are thus corrupted by these airborne radiation sources.
2.4.2 U ranium  Parent-D aughter Activities
In a closed system, the activity of daughter species produced during radioactive decay of 
parent nuclei gradually grows until radioactive or secular equilibrium is reached. When 
secular equilibrium is reached, the activity of the parent isotope is equal to the activities 
of all radionuclides in the decay chain. Let A, be the decay constant of the ith radionuclide
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in the chain. Then:
Ai = XiNi = X 2N2 = X3N3 =  ... =  A tNi. (2.26)
Prom this relationship the activity of 238U is calculated from the activity of 214Bi. The 
activity is then related to the concentration of uranium in rock by [IT03]:
lppm U in rock =  12.35Bq/kg (2.27)
2.5 Airborne Gamma-ray Spectrometry
Airborne gamma-ray spectrometry (AGRS) or radiometrics involves the measurement, 
mapping and interpretation of the relative concentrations of the earth’s natural gamma 
radiation field. Potassium, 40K, Uranium, 238U, Thorium, 232Th, and their daughter 
products emit characteristic sets of 7-rays. Measurement of these photons between 0.1 
to 3.0 MeV reveal the relative distribution and concentration of these naturally occuring 
radionuclides in the ground.
2.5.1 M ethodology
Airborne radiometric surveys are carried out with scintillation and semi-conductor de­
tectors with their associated electronics mounted inside the aircraft. Gamma radiation 
measurements from the air over an area are obtained and subsequently the data are 
processed and presented for interpretation.
A typical airborne radiometric survey usually makes use of two 16/ detector packs. 
With the aircraft traveling at 50 to 70 m/s at a constant predetermined height, a spec- 
trometric measurement is recorded every second along with the instantaneous position, 
velocity relative to the ground, height, temperature and pressure. The aircraft is flown 
along predefined parallel ’’flight-lines” . The spacing of these flight-lines are between 50 
to 400 m. Flight-line spacing and survey height are determined by the needs of the client
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requesting the survey and the terrain being surveyed. A high-resolution survey is nor­
mally carried out with a fixed-wing aircraft using a line spacing of 200 m and a height of 
100 m.
Following the survey, the recorded data are processed and corrected. Data are cor­
rected for processes not related to the geology of the area surveyed. The concentrations 
of the radionuclides of interest are calculated from the corrected data. These values are 
normally presented in the form of 2D maps or sectional profiles.
2.5.2 D etector and Spectrom eter
Depending on the survey or application, several types of detectors are used for AGRS. 
Csl, Nal, BGO or HPGe detectors are commonly used to perform these measurements. 
Due to its characteristics for 7-ray detection, Nal detectors are popular for airborne ra­
diometric surveys. Thallium-activated sodium-iodide, Nal(Tl), crystals commonly used 
for surveying typically have a total volume of 16/. Each crystal pack consists of four pris­
matic Nal crystals measuring 40.6 cm x 10.2 cm x 10.2 cm. Normally, these crystals are 
installed in a high-impact aluminum container. Thermal and mechanical shock protection 
are provided allowing the detectors to be mounted directly on the floor of the aircraft.
Spectrometers currently in use for airborne geophysical surveys, such as the GR-820, 
provide state-of-the-art hardware and software capabilities. In the energy range of 0.1 to 
3.0 MeV, 256 or 512 channels are used to record spectra. Spectrometers can host up to 
four 16/ crystal detector packs, providing features such as automatic gain stabilization of 
individual spectra recorded by each crystal.
2.5.3 D ata  Processing
Recorded 7-ray spectra use a sample integration time of 1 second. The recorded spectrum 
is a combination of low activity radiation sources of terrestrial K, U and Th in addition to 
electronic noise, aircraft radiation and atmospheric gamma radiation, such as the daughter
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products of airborne radon gas and cosmic radiation. The components contributing to 
the spectrum are separated using multichannel processing and smoothing techniques such 
as NASVD (Noise Adjusted Singular Value Decomposition) and MNF (Maximum Noise 
Fraction) [AKBH99]. Each contributing component is identified by means of its spectral 
shape. Aircraft-, background-, airborne- and cosmic radiation are subsequently removed 
from the spectrum. This complex cleaning process of airborne spectra is necessary due to 
the low count rate measured for the radionuclides of interest which is typically 25 cts/sec 
for Th.
After smoothing the data, stripping corrections are applied. Stripping corrections 
are corrections associated with the scattering of higher energy photons of U and Th 
recorded in the lower energy channels of K and U. Following the stripping corrections, a 
height correction is applied to the measured counts of K, U and Th to account for the 
attenuation of gamma-rays in air. The height is corrected for the ambient temperature and 
pressure measured during each 1 second recording interval. This is necessary since these 
parameters influence the density and thus the attenuating properties of the air. Finally, 
the corrected count rates are converted to ground concentrations of the radioelements 
by dividing the corrected count rates by the sensitivity of the detector for a particular 
gamma-ray energy [MLB97]. The sensitivity of the detector for a particular energy can 
be calculated by means of Monte Carlo methods, experimental data or a combination of 
the two [AS01, IT03, RBT89].
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Monte Carlo Modelling
Introduction
Gamma-rays are observed with a detector due to the occurrence of predominately three 
interaction processes with atoms in the medium. These processes, namely scattering, 
absorption or pair production occur as the photon is transported through the detector 
crystal. These transport processes can be modeled on a computer to produce a predicted 
response of the detector to incident gamma-rays.
Detector response functions (DRF) are of importance in radiation detection applica­
tions. Information gathered from DRFs are used to determine the extent of absorption, 
pair production and scattering in the detection medium. Monte Carlo simulation is one 
method for obtaining DRFs.
Not all features of the detector response can be simulated. Crystal imperfections, 
detector housing effects and surrounding background radiation are difficult to model. 
DRFs therefore serve as a guide and are applied in conjuction with experimental response 
functions [OSLBFOO].
Most Monte Carlo programs that simulate the response of radiation detectors model 
the detector crystal for simplicity of the calculation as either having a spherical or cylindri­
cal geometry. Detectors commonly used in airborne radiation surveys have a rectangular 
shape. For the energy range 0.1 MeV to 3.0 MeV relevant in environmental applications, 
Billings and Hovgaard (1999) give the flux density (f> per unit time recorded by a prismatic
24
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airborne detector at a height h, as:
<3i>
where /xe is the mass attenuation coefficient within the earth, /ie the mass attenuation 
coefficient within the air, N  the number of 7-rays emitted by the source and r the radial 
distance between the source and position of observation.
de describes the detector’s sensitivity to record incident 7-rays. According to Billings 
and Hovgaard, the detector sensitivity is the product of the solid angle of the detector, 
ft, as seen by the source and its peak efficiency, ep, namely:
de =  f t  • ep • h2 =  ft • [e • et\ ■ h 2 (3.2)
with et the total efficiency and e the photofraction.
Billings and Hovgaard derive an analytical solution for the sensitivity or response of a 
rectangular 7-ray detector crystal to a mono-energetic 7-ray which takes into account the 
change in detector geometry with incidence and azimuthal angle [BH99]. For a detector 
located at a distance h  directly above a point source, the solution is given by:
, abc 
de =  -7— • e • 47r
£ Txy tab' 
. 47T ,. . , [1 -  exp(-/zdc)] (3.3)C \ )
where a, b, c is the length, width and height of the rectangular detector, //<* the attenuation 
coefficient for the detector material and Etxv the total count efficiency for the detector 
with side parallel to the xy  plane. For a rectangular airborne crystal, a =  40.6 cm and 
b =  c — 10.2 cm. Generally, four of these crystals are used in one detector pack adjacent 
to each other. The detector dimensions can then be approximated by a =  b =  40.2 cm 
and c - 10.2 cm.
Their discription of the response of the detector to 7-rays contains two important 
parameters characteristic to a detector material namely the total count efficiency and the 
photofraction. The total count efficiency is a function of the attenuation coefficient, /id, 
an inherent property of the crystal medium. In their study, the value for the attenuation 
coefficient of Nal(Tl) for a 2.614 MeV 7-ray is quoted as 0.1485 cm-1. This gives a total
Stellenbosch University http://scholar.sun.ac.za/
CHAPTER 3. MONTE CARLO MODELLING 26
efficiency value of 78% for the detector along its short axis, c. Using the same formula 
(eq. 3.3) but a different attenuation coefficient of 0.1400 cm-1 [AIJ81], the total detection 
efficiency along the same axis reduces to 76%. Apart from the attenuation coefficient, 
Et is also influenced by the height of the detector. Along the long axis, a or b, the total 
detection efficiency is 99%.
The photofraction is the probability that the 7-ray energy is entirely absorbed by the 
detector. The photofraction value depends on the 7-ray energy, detector dimensions and 
the medium that fills the active volume. It does not depend appreciably on the source 
to detector distance or on the source shape, so that, at each energy, this quantity is 
characteristic of a given detector [CT89].
Cesana and Terrani [CT89] derived an empirical formula for the photofraction that 
is valid for any kind of detector material. This formula is based on the detector vol­
ume to total surface ratio, V/A, the ratio of the photoelectric absorption coefficient and 
the total attenuation coefficient, r//i, and an appropriate energy dependent coefficient 
br(E ) in [cm-1], and is given by:
e =  1 — ( 1 — — | exp
V A*/
-2.03 • |fv(£)] • Q ]  . (3.4)
The parameter bT(E) is calculated in terms of a reference material and in their case the 
reference material is Ge. The photofraction values they calculated with eq. 3.4 agrees 
well with experimental values for Nal(Tl) detectors that have V/A ratios between 0.762 
to 1.954 in the energy range of 0.3 to 3.0 MeV.
Allyson and Sanderson measured the photofraction in their study of airborne Nal(Tl) 
detectors and also calculated these values by Monte Carlo simulation and also with eq.
3.4 [AS98]. Their photofraction values from the simulations and those calculated with eq.
3.4 differ by 13% and the simulation value compared to the measurement by 17%. This 
difference they ascribed to packaging material surrounding the detector crystal which was 
not included in their calculation. Subsequently, they included this into their transport 
computer code thereby reducing the difference by 11%. In relation to this, Billings and 
Hovgaard based their Monte Carlo code on that of Allyson and Sanderson with the main
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difference being in the method for tracing the path of the 7-ray to the detector. The 
photofraction values they use are supported by their Monte Carlo simulations.
The probability that the 7-ray energy will be entirely absorbed by the detector is an 
inherent property of the detector crystal medium, and should therefore not depend on the 
detector surrounding material, the source detector distance nor the source distribution. 
Although, Cesana and Terrani provide an empirical formula to calculate the photofraction, 
their formula is derived only for detectors with a cylindrical geometry. Additionally, the 
V/A ratio does not exceed 1.9. The V/A ratio for an airborne sized detector is 3.39. This 
should influence the photofraction significantly.
With the differences in calculated, simulated and measured photofraction values re­
ported by these authors, the calculation of the photofraction of a large prismatic Nal(Tl) 
crystal is revisited in this thesis, whereby a new computer program is written. Numer­
ous authors have modeled coupled photon-electron transport. However, these models are 
largely devoted to cylindrical shapes. Although the transport and interaction kinematics 
of 7-rays in a medium are not dependent on the geometry of the detector, the volume to 
surface ratio does influence the absorption of 7-rays in the medium. With respect to eq. 
3.4, the exponential decreases with increasing V/A ratios. This results in an increase in 
7-ray absorption probability.
For the work contained in this thesis, a Monte Carlo based computer code, called 
N IP E T  (N al Photon Electron Transport) computes the response of a Nal(Tl) crystal 
to mono-energetic 7-rays in the energy range 0.1 to 3.0 MeV. This chapter describes the 
transport models developed and used to simulate the passage of 7-rays and electrons in 
a rectangular shaped Nal(Tl) crystal.
Public general purpose Monte Carlo source codes are available on the internet. Users 
are free to order or download, compile and run these sources codes. Additionally, the 
codes are open to modification to fit the requirements of the end user. To validate 
the results obtained from the photon-electron transport computer program developed 
for this thesis, a coupled photon-electron transport Monte Carlo computer code named
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D O SR Z nrc is used [KR02]. The program was downloaded from the internet, compiled 
and run on a PIII(667MHz) linux desktop computer. This particular routine of the general 
purpose photon-electron transport Monte Carlo program E G Sn rc  is specifically written 
for detectors of cylindrical geometry.
For electron transport, DOSRZnrc solves the Boltzmann transport equation [KR02]. 
In addition, attenuation coefficients used by the EGSnrc program differ from those used in 
this thesis. Mild differences in peak and total efficiencies are expected, but the purpose of 
the EGSnrc code is to validate that the physics related to photon and electron transport 
in Nal(Tl) is contained and correctly implemented in NIPET.
3.1 The Detector Response Function
The detector response function (DRF) is a probability distribution function defined as 
the pulse height distribution for an incident monoenergetic 7 -ray [SG04]. Normally DRFs 
are denoted by D{E',E ) where E  is the incident 7-ray energy and E' the pulse height 
energy. The DRF is always positive over its entire range and integrates to unity over all 
energies, E' [GS04, SG04].
This function provides detailed information pertaining to particular constituents or 
features making up the detector response function. These features include the full en­
ergy peak related to the absorption process, single and double escape peaks related to 
the pair production process and scattering which consists of the Compton saddle and 
multiple scattering events. Furthermore, features contained in the DRF can be evaluated 
individually depending on the objective of the study.
In this study, a computer program was written to calculate the detector response 
function specifically for large prismatic Nal(Tl) crystals used in airborne geophysical 
radiometric surveys. The efficiency and photofraction values for these large crystals are 
calculated directly from the detector response function. The results of this Monte Carlo 
based computer code are then compared to published results of 3" x 3" cylindrical detector
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crystals. In addition, photofraction calculations for large 40.6 x 40.6 x 10.2 cm airborne 
Nal crystals are compared to those published in the literature.
3.1.1 Efficiency C alculations
Terms and D efinitions: To calculate the absolute efficiency of a detector, the ge­
ometry of the source needs to be taken into account. The absolute efficiency of the 
source-detector system is then defined as the number of 7-rays interacting with the detec­
tor divided by the number of 7-rays generated by the source [CMPP83]. The intrinsic 
efficiency of the detector is defined as the total number of 7-rays interacting with the 
detector and recording an event divided by the total number of 7-rays impinging on the 
detector. Similar to the intrinsic efficiency, the to ta l efficiency, et, is defined as the 
total number of 7-rays that interacted in the detector depositing either a fraction or all 
of their initial energy. Finally, the detector peak efficiency, ep, is defined as the ratio of 
number of 7-rays that deposit their full energy in the crystal [KnoOO] to the total number 
of 7-rays impinging on the detector.
In NIPET, all 7-rays, N, tracked in the simulation, start at the base of the detector 
and are thereby defined as being incident on the detector. A counter is used to keep 
track of those 7-rays with the primary energy, Eq, that do not interact with the detector. 
With this approach, the number of 7-rays incident on the detector is always known and 
defined by the user. The number of pulses recorded by the detector is then simply the 
difference between the total number of 7-rays incident on the detector and those that did 
not interact with the detector crystal. Knowing these values, theoretically, the intrinsic 
detector efficiency can be calculated as described above.
Generally, the intrinsic efficiency of the detector is tabulated as well as the peak 
and total efficiencies. From these values, the photofraction can be calculated. Knowing 
efficiency values of a detector, the absolute activity of radioactive sources can be calculated 
[PAP04], Other quantities important in medical physics and environmental physics such 
as the kerma or Gray can also be calculated with these values [AM03, SRS02].
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3.1.2 P hotofraction
The detector photofraction or peak-to-total ratio is an indicator of the full and partial 
absorption of incident 7-rays by the crystal. It is fundamentally a function of detector 
size and 7-ray energy [AS98].
The photofraction can be calculated by dividing the peak efficiency by the total effi­
ciency, i.e.:
et
In NIPET the detector photofraction is calculated with eq. 3.5 and with the calculated 
and normalized DRF. From the latter calculation, the DRF integrates to unity and sub­
sequently the photofraction can simply be read off the normalized DRF at the full energy.
Photofraction values for large Nal airborne crystals are limited [AS98, BH99, ProOO]. 
NIPET primarily addresses this and explicitly calculates the photofraction from eq. 3.5.
3 .1 .3  D etector Sm oothing
The DRF calculated is convolved with a Gaussian function which describes the smoothing 
process of a real detector to emulate a ’’real” energy spectrum. The Gaussian function 
contains the resolution of the detector, a characteristic specific to each detector and 
detector crystal type [dSOl]. The Gaussian function is given by:
G(E) =
N
aV2^
exp
(E - E 0y
2a2
(3.6)
where N  represents the number of counts recorded at Eq, the incident 7-ray energy, and 
a the standard deviation.
3.2 Attenuation Coefficients
To calculate the probability that a 7-ray will interact within a medium, the total atten­
uation coefficient, /xt, must be known. The total attenuation coefficient is equal to the
Stellenbosch University http://scholar.sun.ac.za/
CHAPTER 3. MONTE CARLO MODELLING 31
sum of the attenuation coefficients of the different interaction processes, i.e.:
=  l^ pe “t" A^pp ”1” Mcs “I” /^ ts i^"^)
where fj,pe, p,vv, /i^ and //jS are the photoelectric absorption, pair production, coherent 
scattering and incoherent scattering attenuation coefficients respectively [Att86]. Gen­
erally, the magnitude of /x„  is negligible for photon energies above 100 keV, and can 
subsequently be omitted in eq. 3.7 [AS98].
The attenuation coefficients for 7-rays are energy dependant. Empirical polynomials 
were used to compute the 7-ray attenuation coefficient of a particular interaction process 
for a given photon energy [AIJ81]. For each interaction type, coefficients for second and 
third order polynomials of the form:
f i  =  CLq -\- <X\E -\- CL2 E 2 *f- cl3E ^  (3-^ )
are given; where // is the attenuation coefficient in cm-1 and E  the 7-ray energy in MeV. 
The coefficients a0,-.-,a3 were obtained by fitting polynomials to the cross-sections for 
the absorption coefficients for Nal(Tl) given by Hubbel(1969)[AS98].
3.3 Photon Transport
Gamma-ray transport is simulated in a 40.6 x 40.6 x 10.2cm rectangular Nal(Tl) crystal, 
by choosing for instance the pathlength, interaction process or scattering angle of the 
7-ray randomly. Specifically, a particle starts from a particular location and is followed 
through the interacting medium. The history is terminated when the particle has lost all 
its incident energy in the medium or when it escapes the medium or when its energy has 
decreased to less than 10 keV.
3.3.1 G eom etrical Tracking
As illustrated in figure 3.1, the origin of the Cartesian coordinate system is chosen at a 
corner of the rectangular medium, with the positive x-axis corresponding to the length,
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the positive y-axis corresponding to the width and the positive z-axis corresponding with 
the height of the crystal. The base of the crystal spans the x — y plane.
Figure 3.1: Coordinate system and detector orientation
The program allows for two initial coordinate options. The 7-ray either starts from 
a user-defined position or a random position in the X-Y plane. The coordinates of its 
initial position are given by:
x = £x -X (3.9)
y = Zy-Y (3.10)
2 = 0  (3.11)
where the variables f x, are either fixed or E [0,1]. X  and Y are the length and width 
of the detector respectively. The initial directional cosines defined for a vector k as 
k =  kxx +  kyy + kzz are determined by:
kx =  sin 6 ■ cos <p (3.12)
Stellenbosch University http://scholar.sun.ac.za/
CHAPTER 3. MONTE CARLO MODELLING 33
ky =  sin 6- sin 0 (3.13)
kz =  cos 6 (3.14)
where the angles, 4> and 6, are determined with the aid of two random variables, ^  and 
£0 as follows:
1. The azimuth angle is determined by:
</> =  2tt • ^  (3.15)
2. The polar angle is determined by:
cos 9 =  £g (3.16)
With the initial start position and flight direction known, by means of vector algebra 
the distance to the closest boundary in the direction of k is calculated. The vector 
equation:
B = p  + D-k  (3.17)
is solved for D  where B is the equation of the closest boundary in the direction of k and 
p the particle’s Cartesian coordinates in 5ft3.
Two reference frames are now introduced and shown in figure 3.2. The ’’laboratory 
frame” and the ’’photon frame” . The ’’ laboratory frame” is fixed in space and corresponds 
to the fixed coordinate system defined earlier. The ’’photon frame” moves relative to the 
laboratory frame. Initially the photon frame’s x-, y- and z-axes are aligned parallel to 
the X-, Y- and Z-axes of the laboratory frame.
Following an interaction, the photon frame is translated and rotated relative to the 
laboratory frame. The photon’s new directional cosines now need to be transformed back 
to the laboratory frame. The resultant directional cosines, relative to the laboratory
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Figure 3.2: Laboratory frame and photon frame
frame after an interaction event, are calculated using the rotation matrix:
/  \
cos9 cos cj) — sin </> sin 9 cos 0
cos 9 sin 0 cos <j) sin 9 sin </>
sin 9 0 cos 9
(3.18)
\  /
The new directional cosines for a 7 -ray with an arbitrary incident direction [kx,k y,k z) 
scattered in a direction 9S, (f>s are then given by:
k'x =  kx cos 9S +  sin 9s[kz cos <f>s cos 4>s — sin (f>a sin <ps)
k'y =  ky cos 9S +  sin 9s(kz cos (j)s sin (j)s — sin (j)s cos (f>s) (3.19)
k'z =  kz cos 9S — sin 0s(sin 9S cos 4>s)
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3.3.2 Pathlength
The photon moves from its initial position P  to its calculated interaction point P '. For 
the 7 -ray with a particular energy, the total attenuation coefficient, //*, is calculated first. 
The probability of a 7 -ray traveling a distance d is given by:
p(d) =  1 — exp(—n td) (3.20)
where d is the pathlength of the 7 -ray [BWGV78, BH99]. To determine the interaction 
point of the 7 -ray, the pathlength of the 7 -ray must be known. The pathlength is deter­
mined by setting a random variable £ [0 , 1] equal to the interaction probability, p(d), 
where upon eq. 3.20 is solved for d [Pro79, Zai99]:
d =  " f o f 1 ~&p) =  ziP.fcp) (3.21)
Ik th
Using d, the interaction point P' is determined with eq. 3.17 by replacing B  by P' and D  
with d. Following an interaction, the next interaction point is determined and updated 
using:
p "  =  P' +  D' -k' (3.22)
where D' is the new distance to the closest boundary at P' in the direction of k1 given 
in eq. 3.19. The program tests whether the interaction point P' is within the volume of 
the interacting medium; in this case Nal(Tl). If P ' is within this volume, the program 
continues; otherwise the history is terminated and a new history is started.
3.3.3 Photon Interaction
The interaction probability, P (D ), is determined by eq. 3.20, but with d, the 7 -ray 
pathlength, replaced by D, the distance to the closest boundary. A random variable 
G (0,1) is used to  determine whether an interaction takes place or not. An interaction 
takes place if
6  < P {D )  (3.23)
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is satisfied, otherwise the history is terminated and the 7 -ray is considered to have escaped 
the medium without interacting. If eq. 3.23 is true, the program chooses the interaction 
type with a second random variable £it £  (0,1). Knowing that the photon will interact 
within the medium before it reaches the boundary, the program first determines whether:
?« < ^  (3.24)
is satisfied for photoelectric absorption to take place. If eq. 3.24 is not satisfied, the pro­
gram calls for a new random variable £'t. For Compton scattering (incoherent scattering) 
to take place,
&  < <3-25) Mis > fJ'PP
must be satisfied. If eq. 3.25 is not satisfied, pair production takes place.
P hotoelectric Absorption
If the photon undergoes photoelectric absorption, all the energy is passed on to the 
electron and the electron transport method described in section 3.4 is used to determine 
the energy deposited in the interacting medium. Following a photoelectric absorption 
event, the history of the photon is terminated and the program waits for the electron 
transport calculation to be completed before it starts a new history.
Com pton scattering
When Compton scattering takes place, the polar angle of scattering, 9S, is determined by 
random sampling of the Klein-Nishina distribution. Let E q — hu and E  — his1 denote the 
energy of the incoming photon and the energy of the scattered photon respectively. Then
ETT = 1 —r- (3.26)E 0 1 +  a ( l  — cos0s)
where a  =  E 0/ ( m ec2). The Klein-Nishina differential cross-section per atom is then given
by:
d(T n JTTigC—  =  7r r„ „  Z
dr] E 0
1
-  +  v
V
1 - r1 sin2 9S1 +  T]2 (3.27)
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with
rjo = (3.28)1 +  2a
where r e is the classical electron radius, Z  the atomic number and m ec2 =  0.511 MeV.
Eq.(3.27) can be factorized to become:
da
drj
1
~ + T ]
V
1 - rj sin2 6S =  fiv )  • R {v) (3.29)
N2
da
1 +  rj2
where the rejection function R(r/) has the property 0 < R(r]) <  1. Furthermore, f(rj) can 
be written as:
M  =  JV, • +  N2 ■ ( X )  =  AT, . / , ( , )  +  jV2 • f 2W  (3.30)
where / x (77) and f2(ry) are probability density functions on r/ G [r/0 , 1] and
Ni =  [  - dr} =  ln(l/»7o) (3-31)
Jvo V
h =  [  vdri =  \ - (  I -  Vo) (3-32)Jrjo Z
- dr] [M • h (ri) +  N 2 • f 2(v)\ • R(V) (3 -3 3 )
The polar angle, 9S, with respect to the incoming photon is determined with the aid of 
three random numbers £1,62 and £3 uniform in [0 ,1] as follows:
1. £1 is used to determine whether f x ■ R  or f 2 ■ R  is used in the calculation. If 
£1 <  N i/{N i  +  N 2), then f i  is selected, else f 2 is used;
2 . £2 is used to sample rj from the distributions f\ or f 2: 
for /1  :77 =  exp(—JVi • f2);
for f 2 : v  =  \A7o + 6  • (1 -  Vo)\
3. Using 77, sin2 9 =  t • (2 — t) is calculated, where t =  (1 — r])/(ari)\
4. 77 is accepted if £3 <  R(rj). If this inequality is not satisfied, the program returns to 
step 1 .
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Figure 3.3: Polar and azimuthal angles following Compton scattering
Once r] is determined, 9S is calculated from eq. 3.26 and E  is obtained [Mai02]. Sub­
sequently, <f)s is chosen isotropically. W ith 9S and 0S known, the new directional cosines 
in the laboratory frame are calculated with eq. 3.19. The kinetic energy transfered to 
the electron is simply the difference between the initial photon energy and the scattered 
energy, i.e.:
Te- =  E 0 -  E  (3.34)
Assuming th at scattering of the photon off an ’’unbound, free” electron takes place in one 
plane, the azimuthal angle of the scattered electron is (see figure 3.3):
<j>'e- ~(j)s +TT (3.35)
and the scattered angle relative to the incoming photon is given by:
Q
co t</3 =  (1 +  a ) ta n - ^  (3.36)
When a 7 -ray undergoes multiple scattering, the energies passed to the scattered electrons 
are summed after the 7 -ray is finally absorbed, or when the 7 -ray escapes from the 
medium.
Pair Production
If the 7 -ray undergoes pair production, an electron-positron pair is created. When the 
positron collides with an electron, two annihilation 7 -rays are generated, each with an
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energy of 0.511 MeV. The azimuthal and polar angles of the first annihilation 7 -ray are 
chosen using eq. 3.15 and eq. 3.16. The 7 -ray’s directional cosines are calculated with 
eqs. 3.12 - 3.14. The directional cosines of the second 7 -ray are then taken to be the 
negative of the first 7 -ray’s directional cosines [PGV94].
The first annihilation 7 -ray is followed and if it undergoes photoelectric absorption, 
the energy imparted to the photoelectron is added to the kinetic energy of the positron- 
electron pair, provided the electron loses its kinetic energy within the medium. If it is 
scattered, the 7 -ray is tracked until it escapes the medium or it loses all its energy. The 
kinetic energies received by the electrons during these multiple scattering events are added 
together to determine the total energy deposited in the medium. The second annihilation 
7 -ray is treated in exactly the same way as the first 7 -ray.
3.4 E lectron Transport
Electron transport is treated similarly to 7 -ray transport as described in the previous 
section. The major difference between the two transport models is the introduction of 
the Coulomb interaction between the charged electrons and the surrounding atoms. In 
the medium, the electrons have a definite range th at they can travel before losing all 
their kinetic energy, whereas in the photon transport model the pathlength is determined 
randomly.
In this transport model, several simplifications have been made. The electrons are 
assumed to travel in straight lines and their ranges are considered to be of the order of 
Imm/MeV. Furthermore, scattered electrons are not allowed to scatter off the surrounding 
atoms or electrons, so th a t electron cascades or electron showers are not permitted. Due to 
the size of a typical airborne Nal(Tl) crystal, electron leakage is assumed to be negligible 
and is therefore not considered to affect the calculations. More sophisticated theoretical 
and analytical models treat electron transport more accurately [DJT00, Zai99].
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3.4.1 Geometrical Tracking
Electrons are followed in the medium similar to the way photons are followed described 
in section 3.3.1. Once its location and directional cosines are known, the distance to 
the closest boundary is calculated. W ith the kinetic energy, T, of the incident electron 
known, the range of this particle is calculated from [Muk76]:
R =  F ( T )  • -  -ln2  
P E c In 2
where p is the density of the medium, the critical energy
8.50 cm (3.37)
E c =  -  MeV (3.38)Z +  1.2 v
is defined as the energy at which the ionization loss due to collision with electrons is equal 
to the radiative energy loss during deceleration of the electron in the medium and the 
function F (T )  is a correction factor given by:
F ( T )  =  1.5 -  1.3 e x p (-2T) (3.39)
with T  defined as above [Muk76].
The range, R, of the electron is compared to the distance to the closest boundary 
calculated with eq. 3.17. If R <  D, the electron is assumed to have lost all its kinetic 
energy in the medium. Should the contrary be true, the initial kinetic energy of the 
electron is discarded. In this case, the electron is considered to have leaked from the 
medium without depositing any of its kinetic energy in the medium. In the case of 
positrons, the same energy loss model is applied, but in this case, the coordinate at the 
end of the positron’s track is recorded and used as the start coordinates of the annihilation 
7 -rays.
3.4.2 Determ ination of Initial Coordinates and Directional Cosines
As mentioned earlier, the electron transport method is used to determine the energy 
deposited in the crystal after a 7 -ray interaction with bound or free electrons occurs
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in the case of photoelectric absorption and Compton scattering respectively. When a 
photoelectric event occurs, the initial electron position is defined as the interaction point 
of the 7 -ray. The polar [eq. 3.15] and azimuthal [eq. 3.16] angles of the photo-electron 
are determined randomly. Subsequently, the initial directional cosines are calculated.
For Compton scattering events, the initial coordinates of the electron are also defined 
at the interaction point. The Compton-electron’s azimuthal angle is given by eq. 3.35 and 
its polar angle by eq. 3.36, from which the directional cosines are calculated [eqs. 3.12 - 
3.14], For pair production, the polar angles are determined using the kinetic energies of 
the electron and the positron [BDLPV74],
Following pair production, the kinetic energy, T  =  E 1 — 1.022MeV, is randomly 
distributed between the electron and positron:
Te- and Te+ =  T  -  Te- (3.40)
where 6  [0,1]. From Belluscio et. al. [BDLPV74], the polar angles of the electron- 
positron pair are then given by:
0_,+ =  tan -1  for E7 «  1.022 MeV (3.41)
and
2777 C=  - 2 -  for E7 >  1.022 MeV (3.42)
The azimuthal angles of the charged pair are chosen randomly using eq. 3.15.
3.4.3 Brem sstrahlung
In this Monte Carlo simulation, the production of bremsstrahlung from the radiative losses 
of electrons as they transverse the medium is not considered. Although these 7 -rays can 
escape the medium, particularly in the event of high energy gammas, it is assumed that 
the volume of the medium is large enough to absorb most 7 -rays.
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The following is a description of the complete Monte Carlo algorithm employed in NIPET. 
The program is written in JAVA and consists of ten classes. Each class performs a specific 
task primarily related to the physics that takes place during the simulation. In this way, 
corrections and maintainance of the complete program is simplified.
As an example, the class Geometry is given the physical dimensions of the crystal 
by the user. This class is then used to determine whether the 7 -ray is still within the 
volume of interest. Additionally, it calculates the distance to the closest boundary, and 
the coordinates of the exit point, should the 7 -ray escape this volume. Other classes, 
such as PhotonTransport, ElectronTransport or ComptonScatter perform tasks as their 
class names suggest.
After the user gives inputs of the mono-energetic 7 -ray, the dimensions of the detector 
crystal and the number of histories (photons) to track, NIPET requests the user to choose 
the photon launch position or a random launch position. In order to produce a DRF and 
subsequently calculate the parameters of interest, the following steps are performed by 
NIPET (see figure 3.4):
1. Calculate the initial directional cosines kx, ky and kz\
2 . Calculate the attenuation coefficients, /xpe, /ipp, and with energy E 0 if the 7 -ray 
begins its history or E  after a scattering event;
3. Calculate the exit point and the distance, D , to the closest boundary in the direction 
of k =  (kx , ky, kz) or k' after scattering;
4. Determine the 7 -ray pathlength, d\
5. Determine where the interaction point is located with d ;
6 . Test whether the interaction point is within the volume of interest;
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7. Discard the history if the interaction point is outside the volume and increase the 
non-interacted 7 -ray counter; otherwise continue;
8 . Calculate the interaction probability, P {D ) (eq. 3.20);
9. Request a random number, f  and test whether £ < P {D )  (eq. 3.23);
1 0 . Continue program if the test is satisfied, otherwise discard history, increase the 
non-interacted photon counter and start a new history;
11. Calculate the coordinate where an interaction will take place with eq. 3.17 and 
using d as the pathlength;
12. Determine the interaction type as described in section 3.3.3;
13. Determine the amount of energy retained by the 7 -ray, E , and that passed on to 
the electron, T;
14. Compute the quantity of energy, T\ deposited in the crystal described in section 
3.4;
15. Determine whether the 7 -ray energy E  <  0.01 MeV;
16. If step 15 is satisfied, start a new history, otherwise calculate the new directional 
cosines, k\ of the photon and return to step 2 .
NIPET outputs four data files containing the average intrinsic efficiency, peak counts, 
total counts and photofraction calculated for the energies simulated. It also produces 
a data file containing the normalized counts per energy bin; an energy bin spans 10 
keV. This is effectively the detector response function. All data  generated during the 
simulation are also plotted for the user. There are linear as well as logarithmic plots 
of detector response functions, photofractions and intrinsic efficiency. Additionally, the 
enlarged Compton continuum is also included in the output plots.
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Figure 3.4: NIPET program flow diagram
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Figure 3.5: Graphical representation of photon transport in NIPET
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Chapter 4
R esults and Discussion
This chapter is divided into three parts. The first section is primarily devoted to the 
results generated by NIPET. The section begins with a brief validation of this transport 
code by comparing it to the general purpose photon-electron transport code, EGSnrc 
[KR02]. Differences and similarities are briefly discussed. Graphic profiles of DRFs and 
photofractions of mono-energetic 7 -ray input sources for small, intermediate and large 
prismatic detectors are shown. Additionally, comparative charts for these detector sizes 
are shown and briefly discussed.
The second part is devoted to a discussion pertaining to prominent features arising 
from the response of the crystal to low energy 7 -rays in comparison with high energy 
7 -ray sources. The discussion is taken further by looking at the photofractions calculated 
by NIPET for a small prismatic detector and compared to those given in the literature. 
Aditionally, the response of large detectors is discussed in relation to th at of small detec­
tors.
The chapter concludes with a brief discussion of a measured airborne spectrum. The 
spectra contained in this section were generously donated for this study by GPX Namibia, 
a geophysical airborne survey company. Spectra are shown before and after processing. 
These spectra also indicate the contribution of airborne radiation. The removal techniques 
used for such contaminants are also briefly mentioned.
46
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4.1 R esponse Function Comparisons
4.1.1 DOSRZnrc compared with Measurement
Two 7 -ray calibration sources where measured in the laboratory. The 7 -ray source was 
placed 30.0 cm away on the cylindrical axis of the detector (see figure 4.1). No shielding 
was used during the acquisition period of 420 seconds. Three measurements were taken.
Following each measurement, a 420 second background measurement was also recorded.
The three measurements for each source where summed. The mean was computed for 
each source and background. Subsequently, the mean background was subtracted from the 
mean spectrum for both the two 7 -ray sources, 60Co and 137Cs. The detector used for the
Detector 
urce ---------- a
*"--------- C~ ------- w  PM 1Ube) —
N a I ( T I ) c r y s t a l
P r e - A m p /  Am|
Output ----------  MCA
Figure 4.1: Experimental set-up and instrument specifications
measurements consists of a 5.0 x 3.0 cm Nal(Tl) crystal housed in a cylindrical aluminium 
casing. The crystal is mounted directely on the entrance window of the detector on a thin 
film of Havar (a high-strength, non-magnetic material). The photomultiplier tube (PM) 
is attached directly to the back-end of the detector crystal. The two sources used are 
disc-like with an average diameter of 0.4 cm. At 30 cm from the detector, these sources 
effectively represent point sources.
A user-code available in EGSnrc, DOSRZnrc, simulates the passage of an electron or 7 - 
ray in a cylindrical geometry emitted from a point source or parallel pencil beam [KR02]. 
The energy deposited within an arbitrary volume, defined by the user, is calculated.
Detcctor KEM, Nal(Tl) scintillation detector with ORTEC model 2<>6 PM base
Pre-Amp ORTEC model 113 pre-amplifier
IIV
ORTEC model 456 HIGH VOLTAGE 
POWER SUPPLY (set to MOV for detector)
Amplifier ORTEC model 450 research amplifier
Computer Pentium-MMX, 200 MHz
MCA
Model 9308 MEMORY BUFFER CARD by 
SILENA INTERNATIONAL Sp. A.
Software EMCA2000, MCA EMULATION SOFTWARE by SILENA INTERNATIONAL S.p.A.
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After the simulation a statistical analysis of the energy stored in the chosen volume is 
performed.
The user specifies the simulation in terms of the geometry, the material composition of 
the geometric volume, the number of histories, the time limit and the statistical accuracy 
desired. In addition, the user is free to choose mono-energetic sources or energy spectra 
containing the energies of the 7 -ray( s)/electron(s) and their corresponding intensities. 
Point sources or parallel beam sources can also be selected.
A 60Co and 137Cs energy spectrum were used as point source inputs. The cylindrical 
geometry consisted of two media, a 5.0x30.0 cm column of air followed by a 5.0x3.0 cm 
Nal(Tl) crystal. The pulse height distribution of the whole volume was calculated and 
plotted as a response function. This function was subsequently convolved with a Gaussian 
function, the resolution function of the detector.
Analysis
Figure 4.2 displays the results of the simulations compared with the measured spectra 
of 60Co and 137Cs. There is good agreement between the measurements and the Monte 
Carlo simulations. For both cesium and cobalt, the simulations reproduce the prominent 
features evident in the 7 -ray spectra. These are the full energy peak at 0.662 MeV in the 
case of cesium and 1.173 MeV and 1.332 MeV peaks for cobalt, the height of the Compton 
saddle and the location of the Compton edge. The large backscatter peak visible in the 
measured spectrum, is absent in the simulated spectra. Gamma-rays scattered at angles 
between 140° and 180° retain an energy between 200 - 300 keV. They are subsequently 
photo-electrically absorbed giving rise to this ’backscatter’ peak.
In both simulations, the surrounding material was not included. Under these ideal 
conditions, no backscatter peak should be expected in the simulated spectrum. Addi­
tionally, in both figures 4.2(a) and 4.2(b), the valley between the Compton edge and 
the full energy peak for cesium is deeper in the simulation. This is also apparent in the 
cobalt simulated spectrum between the two full energy photopeaks. Two arguments can
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Simulated Cesium-137 spectrum superimposed on a measured Cesium-137 spectrum &  nutated Co-60 spectrvn superimposed on measured Co-60 spectrum
(a) Cesium spectrum (b) Cobalt spectrum
Figure 4.2: Simulated cobalt and cesium spectra superimposed on measured spectra
be made. In the case of cesium, the number of multiple scattering events simulated is 
significantly less than is actually the case in an experiment. This should hold for cobalt 
as well. A second argument is the omission of the surrounding material in the simulation. 
During the 7 -ray’s flight from source to detector crystal, the grazing of 7 -rays off free 
electrons in the thin Havar material can slightly reduce the energy carried by the incident 
7 -ray.
4.1.2 N IPET compared with DOSRZnrc
The result above confirms th at the EGSnrc transport code was implemented correctly on 
the computer and th at satisfactory results are generated after a simulation.
W ith respect to the photon-electron transport code written for this thesis, EGSnrc 
was used to verify the pulse height distributions generated by NIPET. Good agreement 
between the two codes indicates that the particle transport model employed by NIPET 
is valid. Also, it confirms that the physics governing this transport model is correctly 
implemented in the code.
NIPET is written to investigate prismatic Nal(Tl) crystals, particularly for large ge­
ometries. The user-code DOSRZnrc investigates Nal(Tl) crystals of cylindrical dimen­
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sions. According to the formula of Cesana and Terrani (eq. 3.4), the two transport 
codes should effectively produce the same peak-to-total ratio provided the attenuation 
coefficients are the same and the volume-to-surface ratio is similar. These are the only 
parameters that will influence the peak-to-total ratio. Prom this point of view, the result 
produced by NIPET can be matched to that produced by DOSRZnrc.
Two sources were simulated with EGSnrc; these are the 0.662 MeV 7 -ray of cesium, 
and the 2.614 MeV 7 -ray of 208T1, a daughter product of 232Th. For DOSRZnrc, for the 
cylindrical crystal the diameter was set to 7.62 cm and the height to 7.62 cm. The point 
source was placed 0.1 cm in front of the crystal (This distance is the minimum default 
distance that can be used), with no air in between. 1 0 0 0 0 0  histories where followed. 
The dimensions of the prismatic crystal given to NIPET was 7.62x7.62x7.62 cm for the 
length, width and height of the crystal. 100000 histories were also followed. For each 
code, ten simulations were performed. The average of these simulations was then taken 
and plotted for comparison.
Analysis
Figure 4.3 shows the results produced by the two codes convolved with an appropriate 
gaussian function. The two codes reproduce the response function of a Nal(Tl) crystal 
to a mono-energetic 7 -ray. For both energies, the full-energy peak, the Compton saddle, 
Compton edge as well as Compton drop-off due to multiple scattering events are repre­
sented. In the case of the high-energy 2.614 MeV spectrum, the emergence of the double 
and single escape peaks feature prominently as well. As expected, no backscatter peak 
is visible in both simulations. In both cases, for the 0.662 MeV spectrum and the 2.614 
MeV, these distinguishing spectrometric features coincide.
Analysis of both spectra validates the particle transport model used for photons and 
th a t used for electrons in the NIPET code. The differences between the two codes are 
in the height of the Compton saddle, the two escape peaks and full energy peak. These 
differences can be ascribed to the difference in geometries of the two crystals, but, this is
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(a) 137Cs spectrum (b) 208T1 spectrum
Figure 4.3: Simulated (a) cesium and (b) thallium spectra
unlikely, because according to the Cesana and Terrani formula, both geometries have the 
same volume-to-surface ratio. An alternative explanation is the different photo-electric 
absorption coefficients and to tal attenuation coefficients used by the two codes. This 
is evident from the EGSnrc 0.662 MeV spectrum, where the full energy peak differs by 
nearly 30%. For the high energy spectrum the difference in the full energy absorptions 
peaks is also by the same margin.
4.1.3 Response Functions For Different Crystal D im ensions
For the two isotopes, 137Cs and 208T1, the DRFs for crystals with the following dimesions 
were computed (see figure 4.4):
1. 7.62x7.62x7.62 cm
2. 40.6x10.2x10.2 cm
3. 10.2x10.2x40.6 cm
4. 40.6x40.6x10.2 cm
5. 40.6x 10.2x40.6 cm
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Figure 4.4: Crystal orientations for the airborne detector
The isotopes were chosen for comparison purposes with the published literature. The 
response functions for the first crystal size are shown in figure 4.3. The dimesions for 2 
and 3 are the same, but the orientation of the crystal is different. This is also the case 
for 4 and 5. The orientations should not influence the DRFs dramatically, but they can 
affect the photofraction. The orientations are shown in figure 4.4.
Two plots are shown. A log plot of the response function and a plot with the Compton 
continuum enlarged. The plots are for crystal shapes 2 and 4. The response functions 
for crystal 2 for the low energy 7 -ray and then for the high energy 7 -ray are shown first, 
followed by those for the large crystal, crystal 4. The log plot is normalized so that the
Rasponta Funotlon for 0.668 HaV Photon - Log Plot l*t> End, 3rd and 4th Coapton Scattar Components for B.66B HaV Photon
Enorgy <k»V/10)
Figure 4.5: Response function and Compton scatter contribution for crystal 2 - 0.662 
MeV
response function integrates to unity.
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In the case of the high energy 7 -ray, the response function for crystal 2 is shown in 
figure 4.6. Once again, the two escape peaks in the high energy DRF emerge.
Rvipont* Function for- e.614 floV Photon - Log Plot
i s *  eee ese
Figure 4.6: Response function and Compton scatter contribution for crystal 2 - 2.614 
MeV
For crystal 4, the response functions have a profile, for both the 0.662 MeV and 2.614 
MeV 7 -rays, similar to th a t of crystal (2 ).
R»*pon** Function for 0.66£ HoV Photon - Log Plot
Enorgy <k#V/19>
Figure 4.7: Response function and Compton scatter contribution for crystal 4 - 0.662 
MeV
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Figure 4.8: Response function and Compton scatter contribution for crystal 2 - 2.614 
MeV
Analysis
W hat is interesting to note is the escape peaks for the 2.614 MeV 7 -ray in the case of 
a small crystal (1) and that of a large crystal (4). From figure 4.9(a) the double escape
Raspons* Function for 8.614 H»V Photon Rospons* function for 2.614 N*V Photon
Figure 4.9: Response functions for (a) crystal 1 and (b) crystal 4 - 2.614 MeV
peak is much larger than that in figure 4.9(b). Here, the volume of the crystal affects the 
numbers of double and single escape events occurring. For the large crystal, the 7 -rays 
produced after electron-positron annihilation are subsequently absorbed by the crystal.
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Figure 4.10: Compton scatter contribution
Another interesting feature is the Compton continuum (figure 4.10). For all crystals, 
the Compton continuum is dominated by the 1st scattering event th a t takes place. Here 
the majority of 7 -rays transfer energy to the electron in the medium during the first 
collision. Furthermore, figure 4.10 shows, that the Compton tail is made up of multi­
ple scattering events th a t occur in the crystal. Here the 7 -ray undergoes the primary 
Compton collision and transfers energy to the electron, followed immediately by a sec­
ond scattering process transferring another portion of its energy to the second electron. 
These events occur faster than the spectrometer can respond. The sum of these two 
energy transfer events is then considered by the spectrometer as a single event. From the 
Monte Carlo calculation, three and four scattering events do occur successively. The sum 
of all these scattering events contribute to the Compton continuum.
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Another interesting feature of the Compton continuum is the shape of the primary 
scattering event for the low energy photon compared to that of the high energy photon. 
Here, few high energy photons will transfer energy to the electron when scattering off an 
electron at a small angle. High energy photons are more likely to transfer the maximum 
amount of energy to the electron in a head-on collision (eq. 2.20) when 6 — n). For both 
energies, this profile is similar for the two crystals, suggesting that neither the shape of 
the crystal nor its size influence the energy transfer mechanisms.
4.2 Efficiencies and Photofractions
Efficiencies and photofractions for rectangular crystals with different dimensions were 
calculated. The input energies used ranged from 0.2 MeV to 2.8 MeV. As mentioned in 
the previous chapter, all 7 -rays simulated begin at the base of the detector in the NIPET 
code. In terms of efficiencies, the 100000 histories represent the number of 7 -rays incident 
on the detector. The intrinsic efficiency is then the fraction of 7 -rays th at interact in some 
manner with the detector material.
NIPET keeps count of those 7 -rays that do not interact with the detector. This 
scenario arises when eq(3.19) is not satisfied. The intrinsic efficiency is then:
1 0 0 0 0 0  — noninteracting photons . .
£intEff ~  10 0 0 0 0   ^ ' '
For the total efficiency, all counts that recorded an energy deposit in the crystal from 
zero to the full energy peak were summed. Similarly, the peak efficiency refers to all the 
counts recorded in the full energy peak. The photofraction is the ratio of the peak and 
to tal efficiencies.
4.2.1 Intrinsic Efficiency
NIPET calculates the intrinsic efficiency using eq. 4.1. For a range of energies from 0.4 
MeV to 2.6 MeV in 0 .2  MeV increments, the intrinsic efficiency is plotted for the crystal
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shapes (1), (2 ) and (4) in figure 4.11. As expected, the intrinsic efficiency increases with 
the volume of the crystal. The three plots have a sudden change in slope between 1.2 and
Intrinsic Efficiencies for three prismatic dimensions
Energy <MeV>
Figure 4.11: Intrinsic efficiencies calculated from eq. 4.1 
1.4 MeV. This seems to affect the small crystal more than the larger ones.
Analysis
According to Knoll the intrinsic efficiency is a function of the incident 7 -ray energy, 
the composition of the detector material and the physical thickness of the detector in 
the direction of the incoming 7 -ray [KnoOO]. W ith this in mind, the physical thick­
ness of the detector is the major contributor to the intrinsic efficiency. The use of four 
40.6x10.2x10.2 cm Nal(Tl) detectors indicates that the intrinsic efficiency for the de­
tector system is above 90% across the energy range from 0.2 MeV to 3.0 MeV. This 
configuration is highly effective when measuring low radioelement concentration in short
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Energy (MeV) 7.62x7.62x7.62 cm 40.6xl0 .2x 10.2cm 40.6x40.6x10.2 cm
0.4 88.62 96.70 99.88
0 .6 79.19 92.36 99.42
0 .8 73.21 88.93 98.79
1.0 69.02 86.33 98.20
1.2 66.81 84.69 97.77
1.4 61.94 81.39 96.68
1.6 59.84 79.77 96.08
1.8 58.08 78.28 95.49
2 .0 56.65 77.07 94.99
2.2 55.68 76.21 94.55
2.4 54.82 75.42 94.15
2 .6 54.01 74.79 93.73
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periods of one second.
Portable Nal(Tl) detectors used for in-situ measurements make use of the 3” x3” 
cylindrical crystal. In the case of a prismatic crystal of similar dimensions, the efficiency 
for the high energy range (> 2.0 MeV) reduces to around 55%. For low energy 7 -rays, 
the efficiency for the small crystal approaches 80-90%.
Efficiency values given here are questionable, because the method of calculation is 
admittedly crude. The counts recorded when eq(3.19) is not satisfied, excludes those 
7 -rays for which the interaction point, calculated with a pathlength that was randomly 
chosen from a probability distribution, falls outside the active volume. By including these 
counts as well, better agreement with the literature can be achieved.
However, considering the values for the intrinsic efficiency of a cylindrical 3” x3” 
Nal(Tl) detector located 30 cm away from a point source given by Capponi et.al, the 
values agree well with those calculated by NIPET [CMPP83]. Capponi et.al. quote a 
value of 0.771 for a 0.662 MeV photon energy and 0.723 for a 0.835 MeV photon energy 
as compared to 0.792 and 0.732 respectively calculated by NIPET.
4.2.2 Photofraction
Figure (4.12) is a plot of the photofraction from the three crystals. The program 
calculates the photofraction using eq. 3.5. As in the case of the intrinsic efficiency, these 
values are the average of ten simulations for each energy plotted. The energy range from 
0.4 MeV to 2.6 MeV in 0.2 MeV intervals produces a consistent profile.
Analysis
The shape of the photofraction curves is almost identical for the three crystal shapes in 
question. Similar to the intrinsic efficiency profile, the photofraction curves also have a 
sudden change in slope after 1.2 MeV. This change is more apparent for the smallest
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Table 4.2: Photofraction values for three detector dimensions calculated with NIPET
Energy (MeV) 7.62x7.62x7.62 cm 40.6x10.2x10.2 cm 40.6x40.6x10.2 cm
0.4 0.689 0.729 0.743
0 .6 0.566 0.640 0 .6 6 6
0 .8 0.500 0.584 0.620
1.0 0.450 0.545 0.590
1.2 0.446 0.537 0.580
1.4 0.379 0.488 0.538
1.6 0.344 0.463 0.516
1.8 0.308 0.439 0.498
2 .0 0.292 0.420 0.478
2 .2 0.269 0.398 0.461
2.4 0.267 0.382 0.449
2 .6 0.244 0.372 0.437
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Photofractions for three different p r i sm at ic  dimensions
Energy <MeV>
Figure 4.12: Photofraction plot for three crystal shapes
crystal than for the larger ones. Furthermore, in the case of the largest crystal, the 
magnitude of the slope is significantly reduced.
A similar argument can be formulated for the photofraction as with the efficiency 
curves that the to tal interaction cross section is influenced by the contribution of the pair 
production probability. In addition, the fact that the escape peaks begin to vanish for 
the larger crystals increases the photofractions for higher energy 7 -rays.
The increase in the photofraction for larger crystals can also be ascribed to the mean 
free path, A in cm, for 7 -rays being less than the dimension of the larger crystals. The 
mean free path is the average distance a 7 -ray travels in a medium before an interaction 
occurs and is given by:
A =  i  (4.2)
where /zt is the to tal interaction coefficient. In the case of Nal(Tl), A is 3.5 cm for a 0.662
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MeV 7 -ray with // =  0.2814 cm-1. For a 2.614 MeV 7 -ray, A is 7.1 cm with [i =  0.14 cm-1. 
The larger crystals can comfortably accommodate this average pathlength associated with 
the high energy 7 -rays in the thorium spectrum.
4.3 D iscussion
An infinitely large crystal will have an intrinsic efficiency of 1 0 0% and a photofraction of 
1.0. Certainly, results generated by NIPET indicate that the intrinsic efficiency increases 
with an increase in detector crystal volume. The same holds for the photofraction. How­
ever, in the case of the latter, the photofraction for high energy 7 -rays is influenced by 
the mean free path and the complete absorption of 7 -rays that undergo pair production.
In the event of pair production, the electron-positron pair created lose their kinetic 
energy within the crystal. When the positron’s kinetic energy approaches zero, it can 
undergo a collision with a free electron and subsequently generate the annihilation 7 - 
rays. Figure 4.9(a) shows that for small crystals, these annihilation 7 -rays are more likely 
to escape the active detector volume, whereas in the case of larger crystals, these 7 -rays 
are more likely to be absorbed. This can be seen by the increase in the double escape 
and single escape peaks in the detector response function of a small crystal. This points 
to the fact th a t in this case as well, the mean free path of the annihilation 7 -ray, which 
is A =  2.9 cm, is far less than the dimensions of large crystals. Provided that the photon 
pair was created in the vicinity of the center of the crystal, smaller crystals can absorb 
these 7 -rays. This requirement becomes smaller in the case of larger detectors.
W ith regards to the photofraction of a Nal(Tl) crystal, the formula presented by 
Cesana and Terrani (eq. 3.4) was used to verify the photofraction values calculated by 
NIPET (Table 4.3). There is good agreement between the formula and the simulations. 
Also, NIPET does not initiate a photon from a source distribution located a distance 
away from the detector, but from the base of the detector. The agreement between the 
result of the simulation and the formula provides support for their argument that the
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Table 4.3: Photofraction values calculated with eq. 3.4 and from Monte Carlo simulation
Energy (MeV) NIPET Cesana & Terrani Berger & Seltzer Belluscio et. al.
0.352 0.72 0.76 0.83 0.83
0.609 0.56 0.54 0.63 N/A
0.662 0.54 0.53 0.58 0.57
0.953 0.45 0.43 0.50 N/A
1 .120 0.44 0.37 0.45 0.42
1.461 0.37 0.34 0.37 0.36
1.764 0.34 0.27 0.33 0.28
2.614 0.24 0 .2 2 0 .2 0 0.24
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photofraction does not depend on the source distribution nor on the source to detector 
distance.
Table 4.3 shows th a t there is also agreement with the values published by Berger and 
Seltzer and Belluscio et. al. [BS72, BDLPV74]. Additionally, the photofraction values 
are not influenced dramatically by the geometry of the crystal. This agreement between 
calculated values and the literature gives further support for the transport models used 
in NIPET.
Extending this to larger prismatic crystals, few values are available for comparison. 
The photofractions for large detectors where compared to those quoted by Billings & 
Hovgaard and Allyson & Sanderson [AS98, BH99]. In the case of large crystals, there is
Table 4.4: Calculated photofraction values for 16/ crystals compared with published values
Energy (MeV) NIPET Formula Allyson & Sanderson Billings k, Hovgaard
0.662 0.65 0.84 0 .66  (measured) N/A
1.461 0.53 0.65 N/A 0.64
1.764 0.50 0.54 N/A 0.60
2.614 0.43 0.46 N/A 0.52
disagreement between the values calculated by NIPET and those given in the literature. 
The calculated value for the 0.662 MeV energy given by Allyson & Sanderson by Monte 
Carlo simulation is 0.79 which is much higher than that calculated by NIPET which is 
0.65. W ith respect to the values calculated with the formula (eq. 3.4), there is agreement 
with the photofraction value given by Billings & Hovgaard for the 1.46 MeV 7 -ray energy; 
however this changes for higher energies, where there is better agreement with the values 
given by this Monte Carlo calculation.
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Cesana and Terrani admit th a t their use of germanium as a reference material is ques­
tionable [CT89], but in their defense the formula presented does give, within reasonable 
limits, good estimates of peak-to-total ratios for small crystal sizes. Although the values 
for low 7 -ray energies are overestimated for large crystals, the formula values approach 
those calculated with NIPET for higher energies. A follow-on to this study can test the 
performance of their formula with a different set of interaction coefficients to determine 
which of its dependencies significantly affects the P /T  ratio in the case of large crystals.
Billings and Hovgaard present a geometrical model of an airborne detector crystal. In 
their case, they assumed the photofraction values as given in table (4.4). They did not 
explicitly calculate the photofraction. Their Monte Carlo calculations, however, confirm 
the quoted photofraction values. These authors, however, also state that the values they 
quoted ’’would be slightly higher than the real values” [BH99]. By how much higher is 
not suggested. N IPE T ’s values are within 15% of those of Billings and Hovgaard.
Another noticeable feature of the response function to low and high energy 7 -rays, is 
the Compton continuum. Figure 4.10 shows that the continuum is made up of single and 
multiple scattering events. Single and double scattering events dominate the Compton 
saddle. This feature also occurs in germanium detectors as highlighted by Sood & Gardner 
(2004) [SG04]. Also, the shape of the first Compton scattering component differs for low 
energy 7 -rays and high energy 7 -rays. Figures 4.8 and 4.9 indicate th at low energy 
transfers from 7 -rays to electrons are suppressed more for high energy 7 -rays than for 
lower energy 7 -rays. This behavior is also visible in the second Compton scattering 
component. This tendency is the same for small and large crystals.
This Monte Carlo photon-electron transport code has been shown to produce ac­
ceptable results. The DRFs simulated for mono-energetic photons agree with those of 
other transport codes. Furthermore, intrinsic efficiency and photofraction values cal­
culated with this code are satisfactory. However, NIPET can be improved. Some 
of these improvements, which are beyond the scope of this work, are the inclusion of 
bremsstrahlung, surrounding material and source-detector distance, but as a first esti­
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mate the results show excellent agreement with those in the literature. Also, the elec­
tron transport model used is highly simplified and a better transport model is desirable. 
A host of more sophisticated electron transport models is suggested in the literature 
[AS98, BDLPV74, DJTOO, KR02, PGV94], This will certainly better approximate elec­
tron kinetic energy deposition in the crystal at the expense of computational efficiency.
4.4 R adiom etrics
Results presented in this work have shown the effectiveness of the 16/ Nal(Tl) detector 
pack in terms of intrinsic efficiency and photofraction for measuring nuclides with low 
activity. For an environmental spectrum, the efficiency and photofraction of this system 
for 19 energies associated with the natural radionuclides is shown in figure 4.13. The
Intrinsio Efficianol** for radionuolida th»*li input laotopaa Photofraotion for radionuolida thesis input Isotop**
Figure 4.13: Intrinsic efficiency and photofractions for a 16/ airborne detector crystal
efficiency is above 90% for the entire energy range. The photofraction is above 40% for 
high energy 7 -rays and approaches 90% for low energy 7 -rays.
4.4.1 Airborne Spectrum
GPX, a geophysical airborne survey company in Namibia, gratiously provided actual 
recorded data for this scientific study. Presented below are two plots of the same spectrum.
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Figure 4.14(a) is the actual measured spectrum and superimposed on this spectrum the 
resultant spectrum after NASVD processing. Figure 4.14(b) is the same spectrum after 
it has been corrected as described in section (2.5.3). This processing is the result of 
expertise and skill on the part of the geophysicists th a t has a unique artistic attribute.
AJrtxnn* Spectrum Alrborr* Sp«ctrum Ctoarwd
Figure 4.14: Airborne spectrum before processing(a) and after processing (b).
Potassium is windowed between 1.37 to 1.57 MeV, uranium between 1.66 to 1.86 MeV 
and thorium between 2.41 to 2.81 MeV. The total count window is between 0.4 to  2.81 
MeV [IT03]. Both the potassium and uranium windows span 200 keV whereas th a t for 
thorium spans 400 keV.
Common to airborne spectra is the high count rate at low energies. This is due to 
the absorption of bremsstrahlung and backscattered 7 -rays from the crystal housing and 
photomultiplier tubes. This is a clear illustration of the almost 100% efficiency of the 
detector system at recording low energy pulses. After processing, figure 4.14(b) shows 
the abundance of low energy spectral information. Multi spectral analysis is becoming 
important especially in the case of cesium contamination, which is common in the northern 
hemisphere. Additionally, airborne radiation not originating from terrestrial sources can 
also be identified. The methods used are briefly mentioned in the following sections.
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4.4.2 Radon Contribution
Often during early morning surveying, airborne radon contributes to the measured spec­
trum. Figure 4.15(a) has a radon contaminated spectrum superimposed on a spectrum 
without the airborne radiation. Both spectra where measured over the same area spaced 
600m apart. The difference is the time of acquisition. The one was measured at 17h00 
and the other the following morning at 07h00.
C kantd AJrbofn# Sp«ctrum
Comparison of Mrtom* Sp»ctn*n wKh «nd wWx*u» r»<Jon contamination
Figure 4.15: Airborne spectra containing airborne radiation compared to ’clean’ spectra. 
From these figures, the accurate measurement of terrestrial uranium is compromised. 
Airborne radiation in the form of decaying radon into its radioactive daughter products 
adds a significant contribution of counts to the spectral window of uranium. The removal 
of this contaminant is difficult, however a few methods are able to achieve this successfully 
[IT03, Min97, MLB97],
4.4.3 Airborne R adiation Removal Techniques
Several techniques to remove airborne radiation are used by nuclear geophysicists. These 
methods are: the spectral-ratio method, the full-spectrum method and the upward-looking 
detector method [IT03, Min97]. In the northern hemisphere, the upward-looking detector 
method proves popular, whereas in the southern hemisphere the other two methods are 
used. In the former two methods, the 0.609 MeV photopeak of Bi is monitored and
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used to calculate the concentration of airborne radon. Due to the high concentration of 
cesium-137 in the northern hemisphere, the 0.667 MeV photopeak of 137Cs is located too 
close to the 0.609 MeV photopeak of Bi. The inherent resolution of Nal crystals limits 
the measurement of these peaks accurately. Due to this limitation, the upward looking 
detector method is used during surveys.
4.4.4 E x te n tio n  to  A irb o rn e  R ad ia tio n  Id en tifica tio n
Normally, the 0.609 MeV photopeak of 214Bi is used to estimate the contribution of 
airborne radiation in relation to the high energy 1.764 MeV photopeak. GPX makes use 
of the spectral ratio technique but use the 214Pb photopeak located at 0.352 MeV instead 
of the 0.609 MeV photopeak.
P h o to fra c tio n  v aria tio n
Unit Distance
Figure 4.16: Variation of detector photofraction
The low energy lead photopeak has a ten percent higher photofraction than the bis­
muth photopeak at 0.609 MeV. Furthermore, the resolution of Nal(Tl) is quoted as 7.5%
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at 0.662 MeV. For the bismuth peak, a certain amount of overlapping will occur between 
this peak and that of 208T1 during a measurement. These peaks have emission probabili­
ties of 0.46 in the case of bismuth and 0.86 in the case of thallium. Contrary to this, the 
lead photopeak does not experience this problem because the closest photopeak is the 
295 keV peak of 214Pb with an emission probability of 0.19. These peaks can be resolved 
by the Nal(Tl) crystal. Based on these arguments, their use of this peak to estimate the 
radon contribution is justified. However, the high background, backscatter radiation and 
bremsstrahlung contributing to this zone of the spectrum make it difficult to isolate the 
peak, particularly in the event of low airborne concentration.
Another result worth mentioning is the response of the crystal to radiation incident at 
the centre of the crystal to that incident through the edge (see figure 4.16). The variation 
in photofraction was studied by considering the case when a pencil beam of 7 -rays strikes 
the base of crystal. The beam was moved from the center to the outer corner of the crystal 
in a radial direction. In airborne surveys, this represents the behavior of the crystal to 
photon absorption depending on where the photons strike the base of the crystal.
For low energy 7 -rays, the photofraction drops by almost 10%, whereas in the case 
of high energy 7 -rays the photofraction decreases by as much as 25%. Considering that 
an airborne detector is surrounded by aluminium and other materials, the 25% of 2.614 
MeV 7 -rays not absorbed by the crystal are subsequently backscattered off the surround 
material. Also, electron leakage close to the edge of the crystal can become significant 
in the event of numerous pair production events. There can also be a possible 7 -ray 
and charged particle source contribution to the exponential increase of the background 
towards the low energy channels in airborne spectra.
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Energy (MeV) Photofraction
0.2774 0.805
0.2952 0.796
0.3519 0.768
0.5831 0.670
0.6093 0.664
0.662 0.647
0.8604 0.610
0.9341 0.596
1.1203 0.579
1.461 0.529
1.7645 0.499
2.2041 0.464
2.6146 0.436
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Conclusion
Monte Carlo simulation is a powerful tool when the equipment or conditions are not 
favourable to perform an experiment. This method of simulation was applied in this 
thesis. For the purposes of airborne gamma-ray spectrometry, the response of large 16/ 
Nal(Tl) detector crystals to mono-energetic 7 -rays was studied.
A Monte Carlo based computer program called NIPET was written to simulate the 
transport of 7 -rays and electrons in a rectangular Nal(Tl) crystal. The aim of this excer- 
cise is to reproduce the detector response function for a mono-energetic 7 -ray source and 
explicitly calculate the photofraction of these large crystals. The code performed quite 
well in this respect and showed good agreement with another photon-electron transport 
code. With this result, the investigation was extended to consider large prismatic crystals.
Unlike other codes that start a 7 -ray from a source distribution located a distance 
d from the crystal, NIPET initiates the 7 -ray from the base of the crystal. With this 
approach, theoretical intrinsic efficiency calculations can be made. NIPET calculates the 
intrinsic efficiency with the aid of a counter that keeps track of those 7 -rays that undergo 
no interaction in the crystal. Intrinsic efficiency values calculated in this way were found 
to be over-estimated, even though some agreement does exist with values in the literature. 
In future assessments of this code, this calculation can be revisited by considering sources 
located some distance away from the rectangular crystal.
W ith respect to photofraction values, NIPET showed good agreement with values 
published in the literature for small detector crystals. This study finds that the shape of 
the crystal does not alter dramatically the photofraction values for 7 -ray energies between
72
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0.2 MeV and 3.0 MeV. For larger crystals the values that are available for comparison 
disagreed substantially with those calculated with NIPET. However, this work certainly 
presents explicitly calculated photofraction values for comparison. Experimental data 
will either support or disprove the photofraction values calculated.
Future refinements, which are beyond the scope of this work, will include the intro­
duction of bremsstrahlung and the effects of the surrounding material. The introduction 
of other materials or compounds is not a trivial issue and will require careful modelling. 
However, this addition will give a more realistic approach to airborne detectors. For 
NIPET, though, this first theoretical study of airborne detectors is reasonable, consider­
ing the simplicity of the photon and electron transport model used.
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A ppendix A
Derivations of Equations
A .l  D erivation o f Com pton Scattered P hoton  Energy
Referring to figure (2.5): The momentum of the incident photon is:
hv . hv1 / .  \
p =  —  and after scattering p =  —  (A.l)
c c
Conservation of momentum requires that after the collision in the direction of incident 
photon (x-direction):
p =  p cos 9 + pe cos ip (A.2)
hv =  hv' cos 9 + pec cos ip (A.3)
where pe is the momentum of the scattered electron in figure (2.5); and for the ^/-direction:
hv' sin 9 =  pc sin <j> (A.4)
But the relativistic momentum-energy relationship for the electron is:
(pc)2 =  T 2 +  2T m 0c2 (A.5)
=> pc =  \JT(T  +  2m 0c2) (A.6 )
where m 0 is the electron’s rest mass and
T  =  hv — hv'. (A.7)
From these equations the relationship between the incident and scattered photon energies 
can be derived (eq.2 .2 1 ).
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A .2 The Differential Cross Section
The differential cross section per atom is given by the Klein-Nishina formula as:
da _  ixre Z  
d E  m e2 a 2 r) a  \ rj a* \ rj
(A-8 )
with rj =  E / E q and a  =  Eo/(m,c2). The above equation can be rewritten as follows:
Using:
gives:
da
dr/
2 m e 
— Tyrt—— Z
E 0
^ m C  7=  tt r„——Z
E 0
da 
dr]
da  2 m e2 —  =  7T re — Z 
dr] E 0
1
-  +  v
' 1
-  +  v
.*7
 ^( 2  (V) “ (V)
1 + 7 ?2
1 ~  V
at]
1 -
V =
1
1 -I- q (1 — cos 0 )
a
1 +  a ( l  — cos#) 1 +  a ( l  — cos#)
-l
1 -  T] a ( l  — cos a) 1 +  a ( l  —  cos 9)
ar] 1 + a ( l  — cos#) (X =  1 — cos 6
(A.9) 
(A.10) 
(A. 11)
(A-12)
(A-13) 
(A.14)
Then (13) becomes:
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Polynom ial coefficients
The following tables where taken directly from Avignone & Jeffreys (1981)
B .l  Photoelectric absorption polynom ial coefficients
To compute the photo-electric absorption coefficients for Nal(Tl) in cm -1
A ppendix B
Energy (MeV) a o ai a2
0.250 2.18 x 1 0 1 -2.19 x 102 2.70 x 102
0.550 1.15 x 10° -4.26 x 10° 4.20 x 10°
1.250 1.60 x 1 0 " 1 -2 .83 x 10- 1 i.38 x n r 1
3.500 1.95 x IQ" 2 - 1.20  x 1 0 “ 2 2.07 x 10- 3
B .2 Com pton scattering polynom ial coefficients
To compute the Compton scattering coefficients for Nal(Tl) in cm -1
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Energy (MeV) a0 ax a2 a3
0.150 6.08 x lO" 1 -1 .74  x 10° 3.20 x 10° 0 .0
0.700 5.10 x lO" 1 -7.31 x 10" 1 5.07 x 10" 1 0 .0
3.500 3.55 x 10" 1 - 2 .22  x lO" 1 7.72 x 10- 2 - 1.02  x 10"2
B.3 Pair-production absorption polynom ial coefficients
To compute the pair-production coefficients for Nal(Tl) in cm -1
Energy (MeV) 0-0 a i a2
1.022 0 .0 0 .0 0 .0
1.280 -2 .15  x 10"4 2.09 x 10"4 0 .0
3.000 -1 .33 x 10"2 9.07 x 10~ 3 1.07 x 10"3
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